We demonstrate integration of carbon nanotubes into large scale vertically aligned electrode arrays, by filling the as-grown samples with conformal SiO 2 using chemical vapor deposition. Subsequent mechanical polishing yields a flat surface with only the very ends of the nanotube array exposed. The electronic properties of individual carbon nanotubes in the array are measured using current-sensing atomic force microscopy. Recently, ultrahigh density of nanotransistors were reported using vertically aligned CNT arrays. 10 We report here an approach to build vertically aligned CNT arrays which involves gap filling of the as-grown CNT array with SiO 2 using chemical vapor deposition ͑CVD͒ followed by mechanical polishing. These steps, common in semiconductor processing, produce a mechanically strong array with only the tips exposed. The uniform length and good alignment of CNTs in the embedded array have advantages in field emission devices, vertical transistors, and nanoelectrode based chemical sensors. 11, 12 We also report here the topography and conductivity distribution at the surface of the electrode using current-sensing atomic force microscopy ͑CSAFM͒ and the electronic properties of individual CNTs using I -V spectroscopy at various spots on the electrode.
Recently, ultrahigh density of nanotransistors were reported using vertically aligned CNT arrays. 10 We report here an approach to build vertically aligned CNT arrays which involves gap filling of the as-grown CNT array with SiO 2 using chemical vapor deposition ͑CVD͒ followed by mechanical polishing. These steps, common in semiconductor processing, produce a mechanically strong array with only the tips exposed. The uniform length and good alignment of CNTs in the embedded array have advantages in field emission devices, vertical transistors, and nanoelectrode based chemical sensors. 11, 12 We also report here the topography and conductivity distribution at the surface of the electrode using current-sensing atomic force microscopy ͑CSAFM͒ and the electronic properties of individual CNTs using I -V spectroscopy at various spots on the electrode.
First, vertically aligned multiwalled carbon nanotubes ͑MWCNTs͒ were grown on silicon using an inductively coupled plasma ͑ICP͒ as reported previously. 13 For comparison, we obtained MWCNT samples ͑Nanolab Inc., MA͒ grown by dc hot-filament plasma CVD. 14 The average height of the MWCNTs is 3-10 m. The ICP samples have a thin ͑10 nm͒ Al layer at the bottom while the hot filament sample has a thicker (ϳ200 nm) Ti or Mo layer. The MWCNT arrays were subjected to a gap filling with SiO 2 at 700°-750°i n a CVD furnace using tetraethylorthosilicate ͑TEOS͒ vapor at 300 mTorr. 15 The SiO 2 film was thick enough to bury all CNTs. The top surface of the samples after TEOS CVD was found completely electrically insulated from the underlying metal film and CNTs. A mechanical polishing step was then followed to remove the excess SiO 2 until electrical conductivity between two spots on the surface can be measured. The polishing procedure produced a rather flat surface with uniform CNT length of about 3 m buried in SiO 2 matrix. Figure 1 shows the scanning electron microscope ͑SEM͒ images of the initial MWCNT array, the sample after TEOS CVD and mechanical polishing, respectively. Very good alignment can be observed both at 45°and normal to the surface. After TEOS CVD, the sample was cleaved in the middle ͓Fig. 1͑c͔͒. The TEOS CVD produces a quite conformal SiO 2 film covering both the underlying metal layer and each CNT. The film around the top part of the CNTs is slightly thicker than that at the bottom due to better accessibility for TEOS vapor. The high density of the MWNT array results in the SiO 2 film at the top part merged into grains over several microns in size while some irregular voids ͑20-500 nm͒ remain at the bottom. Even though the voids penetrate deep in the film, they do not reach the metal underlayers. Electrochemical measurements with such samples in solution indicated that normally the metal films are not accessible to electrolytes. The voids can be reduced by adopting a slower deposition rate at lower TEOS partial pressure or by reducing the CNT density. The SiO 2 filling greatly improves the mechanical strength of the CNT array and allows it to sustain the aggressive mechanical polishing. The mechanical polishing removed the SiO 2 on the top surface as well as part of the CNTs, producing a composite film with individual CNTs embedded in the SiO 2 matrix. CNTs were found to preserve their integrity and alignment during these steps. The top view SEM image in Fig. 1͑d͒ clearly shows a similar distribution of CNT ends as the original sample. Previous works on CNT transport mostly studied a sidewall contact geometry by laying down CNT on a surface. [1] [2] [3] [4] [5] [6] [7] The embedded CNT array here provides a model system in which the electronic properties can be studied by point contact at the tube ends. This system provides different information from other studies. Particularly, in previous MWCNT devices, mainly the outmost shell is in good contact with electrodes and dominates their electronic properties. 16, 17 It is of interest to investigate the electronic properties of the embedded vertically aligned CNTs in which many graphitic shells are in contact with the metal contact. Since the polished sample presents a rather flat surface, AFM techniques can be readily employed and additional electronic properties can be measured with a Pt-coated tip connected with a current sensing module 18 ͑Molecular Imaging, AZ͒. Figure 2͑a͒ shows the deflection image of the polished sample. Most CNTs uniformly protrude out of the SiO 2 surface by about 2 nm, which is likely due to their high mechanical resilience. 19 CNTs exhibit a uniform diameter around 100 nm which agrees well with the initial sample in Fig. 1͑a͒ . Figure 2͑b͒ shows the current-sensing image obtained simultaneously with the deflection image by applying a dc bias between the metal underlayer and the Pt-coated AFM tip. SiO 2 is highly insulating, so current can be observed only when the AFM tip is in contact with CNTs. The size of the conducting spots correlates very well with the physical size of CNTs in Figs. 1͑a͒ and 2͑a͒. We switched the bias from ϩ8.0 to Ϫ12.0 mV in the middle of the image frame scanning topdown. As a result, the polarity of the current flipped over with the bias as shown in Fig. 2͑c͒ . Interestingly, the density and the amplitude of the conducting spots increase when the magnitude of the bias is increased, indicating the sensitive I -V correlation.
Most studies on electronic properties of CNTs rely on measuring the I -V curve of individual CNTs or CNT bundles one at a time after they have been laid or grown horizontally on the surface and connected with metal electrodes. [1] [2] [3] [4] [5] [6] [7] With the CSAFM and embedded CNT arrays, I -V curves of hundreds of individual CNTs can be investigated quickly. Figure 3͑a͒ shows a typical I -V curve for an embedded MWCNT array prepared using hot-filament CVD. These CNTs are highly conductive. The I -V curve is essentially a straight line within the instrumental limits (Ϯ10 nA). The resistance of this single MWCNT is about 310 k⍀. Since the CSAFM can apply only a small bias (Ϯ3 mV) before the detector saturates, we also used a fourprobe station ͑Desert Cryogenics, AZ͒ linked with a semiconductor parameter analyzer ͑6045B, Agilent, CA͒. As shown in the inset of Fig. 3͑a͒ , a perfect linear curve is observed within Ϯ5.0 V giving a resistance of 5.2 k⍀, likely corresponding to about 60 MWCNTs in parallel contact with the 25 m diam probe. In comparison, if the AFM tip locates any spot of SiO 2 surface, the I -V curve shows a flat line at 7Ϯ1 pA ͑due to the instrument offset͒, indicating a very good electrical insulation. I -V measurements on an embedded MWCNT array prepared by ICP CVD with CSAFM are shown in Fig. 3͑b͒ . These CNTs showed similar alignment but a bigger variation in tube diameter ͑30-80 nm͒ compared to the hot-filament CVD sample. As a result, the I -V curve shows a big variation, but most data fall in between the two curves presented. These I -V curves show a gap varying from 0.3 to 1.0 V. A small portion ͑much less than one third͒ of the CNTs was found to exhibit linear I -V curves. The I -V measured on a four-probe station show a nonlinear feature even though the probe is in contact with tens of CNTs. Note that these samples have only a thin layer of metal and any observed gap may be due to the contribution from both underlying metal film and CNTs. Raman scattering analysis FIG. 2 . ͑a͒ The deflection and ͑b͒ the current-sensing image of an embedded MWCNT array after the polishing step simultaneously obtained with a current-sensing AFM. The scan range is 5ϫ5 m 2 . The voltage between the substrate and the tip is changed from ϩ8.0 to Ϫ12.0 mV in the middle of the image frame scanning topdown. ͑c͒ The current profile along the vertical lines indicated in ͑a͒ and ͑b͒. The spikes correspond to the higher conductivity of carbon nanotubes ͓indicated by the arrows in ͑a͒ and ͑b͔͒ compared to the insulating SiO 2 matrix. of the two samples do not distinguish them as metallic versus semiconducting but do show differences in relative ratio between different bands indicating that ICP samples are more defective.
The resistance of the metallic MWCNTs here ͑about 300 k⍀͒ is much higher than previous reports using the sidewall contact geometry (Ͻ30 k⍀) 20, 21 even though our tube diameter is much bigger. This is likely due to the fact that we have only point contact with the tube ends. A recent theoretical study 22 shows that the contact length ͑area͒ between metal and CNTs is critical for the conductance which drops dramatically if the contact length is less than 10 nm. In addition, the plasma CVD samples do not have perfect semi-infinite cylindrical graphitic layer structure as those produced by laser ablation; 20, 21 instead, they are highly defective carbon fiber-like structures with graphitic layers nonparallel to the tube axis. 13, 14 Electrons are expected to cross over graphitic layers in the process transporting from one end of the tube to the other end. This will produce a high resistance as well as defect-sensitive electronic properties.
In summary, we report fabrication of embedded vertically aligned carbon nanotube arrays and characterization of electronic properties of individual MWCNTs using CSAFM. Our approach is useful to fabricate large-scale nanoelectronic devices in a vertical geometry such as crossbar-addressed transistor network, field emitters, and nanoelectrode arrays.
Work by ELORET and SETI authors is funded by NASA contracts. FIG. 3 . I -V curves of individual MWCNTs in the embedded array obtained with current-sensing AFM. The insets show four-probe station data corresponding to multiple parallel MWCNTs. ͑a͒ Nanotubes from dc hot-filament CVD and ͑b͒ nanotubes from inductively coupled plasma CVD.
